Abstract Two new cholesterol imide derivatives with azobenzene substituent groups have been synthesized. The compounds possess headgroups of hydrogen or methyl units, respectively. The gelation test revealed that a subtle change in the headgroup of azobenzene segment produced a dramatic change in the gelation behavior of both compounds. The compound with headgroups of hydrogen units only gelated N,N-Dimethylformamide (DMF), while the other compound with headgroups of methyl units cannot gelate any solvent tested herein. For DMF gel and solution of the gelator, the reversible photoisomerization transitions by irradiation with ultraviolet (UV) and visible light are investigated by UV-vis absorption spectra, Fourier transform infrared spectrometer, scanning electron microscope, atomic force microscope, and X-ray diffraction analyses. Upon UV irradiation of the gel, trans-cis photoisomerization of the azobenzene groups occurs, the change in molecular polarity leads to the breaking of van der Waals interactions, resulting in the gel-sol transition. The gel can be recovered by the reverse cis-trans photoisomerization after exposure to visible light. Morphological and spectral studies reveal that the gelator molecules selfassemble into one-dimensional fibers, which further crossed-linked to form regular nanobelts. These results afford useful information for the development of new versatile low molecular mass gelators and soft matter.
Introduction
Gels are one class of important soft materials, in which liquids are immobilized by solutes [1] . Although gels are widely found in polymer systems, there has recently been an increasing interest in low-molecular-mass organic gelators (LMOGs) [2] [3] [4] [5] . In recent years, physical gelation of organic solvents by LMOGs has become one of the hot areas in soft matter research because of various potential applications such as photovoltaics [6] , light harvesting [7] , templates [8] , drug controlled release [9] , energy transfer [10] , etc. The organogels based on LMOGs are usually considered as supramolecular gels, in which the gelator molecules selfassemble into three-dimensional (3D) networks in which the solvent is trapped via various non-covalent interactions, such as hydrogen bonding [11] , p-p stacking [12] , van der Waals interaction [13] , dipole-dipole interaction [14] , solvophobic interaction [15] , and host-guest interaction [16] . Such properties make it possible to design various functional gel systems and produce more complicated, defined as well as controllable nanostructures.
Among various LMOGs, cholesterol-based gelators form a versatile category that has been systematic studied because cholesteryl groups can directionally self-assemble through weak van der Waals interactions in the aggregates of the gelators comprising it [17, 18] . Recently, dimeric cholesterolbased derivatives, which were denoted as A(LS) 2 gelators, are reported as a new class of LMOGs. The changes in the molecular structure can bring about new potentialities for the construction of novel cholesterol-based gelators [19] [20] [21] .
Besides natural thermal stimuli, the gel-sol transition of organogels can be controlled reversibly or irreversibly by light, allowing non-contact control [22] . It is well-known that azobenzene is one of the smartest molecules among all photochromic compounds because of its efficient and reversible trans-cis photoisomerization that leads to great changes in molecular geometry and polarity [23] . Although organogelators containing azobenzene groups are reported earlier [24] [25] [26] , it is still not very clear about the relationship between the structure and the gelation ability of the gelators. And how does the trans-cis photoisomerization of azobenzene groups induces the gel-sol transition needs further study.
The synthesis and investigation of two new cholesterol imide derivatives, consisting of cholesteryl units and azobenzene substituent groups with headgroups of hydrogen or methyl units have been reported in the present investigation. The gelation properties reveal that a subtle change in the headgroup of azobenzene segment can produce a dramatic change in the gelation behavior of both compounds. Upon UV irradiation of the gel, trans-cis photoisomerization of the azobenzene groups occurs, the change in molecular polarity lead to the breaking of van der Waals interactions, resulting in the gel-sol transition. The gel can be recovered by the reverse cis-trans photoisomerization after the exposure to visible light. Spectroscopic and morphological studies indicated that the gelator molecules self-assemble into one-dimensional fibers, which further crossed-linked to form regular nanobelts.
Experimental

Materials
The starting materials, 4-aminoazobenzene, 2-aminoazotoluene, and cholesteryl chloroformate were purchased from Aldrich Chemicals and TCI Shanghai Chemicals, and used without further purification. All used reagents are all in analysis purity. The solvents were obtained from Beijing Chemicals and were distilled before use. Deionized water was used in all cases. Simply speaking, the synthesis of two cholesteryl imide derivatives was carried out from mixing cholesteryl chloroformate with corresponding amine in dried dichloromethane in the presence of pyridine. After the reaction mixture was stirred for 15 h at room temperature, the mixture was washed with dilute hydrochloric acid and pure water. The organic layer was evaporated to dryness. The residue was purified by recrystallization in ethanol solution as a yellowish solid. The final products and their abbreviations are shown in Fig. 1 
General methods
SEM pictures of the xerogel were taken on a Hitachi S-4800 field emission scanning electron microscopy with the accelerating voltage of 15 kV. The xerogel was prepared by a vacuum pump for 12-24 h. The dried sample thus obtained was attached to a silicon wafer by conductive adhesive tape, and shielded by gold. Transmission FT-IR spectra of the xerogel were obtained by Nicolet is10 FT-IR spectrophotometer from Thermo Fisher Scientific Inc. with 4 cm À1 resolution. A Shimadzu UV-2550 system (Shimadzu Corporation, Japan) was used to record the UV-vis spectra. Photoirradiation was carried out with a highpressure mercury lamp through a UV or visible filter. The intensity of the UV light (365 nm) was about 0.8 mW/cm 2 . AFM images were recorded using Nanoscope VIII Multimode Scanning Probe Microscope (Veeco Instrument, USA) with silicon cantilever probes. All AFM images were shown in the height mode without any image processing except flattening. 1 H NMR spectra were obtained on a Bruker ARX-400 (Bruker, Inc., Switzerland) NMR spectrometer in CDCl 3 with TMS as an internal standard. The elemental analysis was carried out with the Flash EA Carlo-Erba-1106 Thermo-Quest. The XRD measurement was conducted using a Rigaku D/max 2550PC diffractometer (Rigaku Inc., Tokyo, Japan). The XRD pattern was obtained using CuKa radiation with an incident wavelength of 0.1542 nm under a voltage of 40 kV and a current of 200 mA. The scan rate was 0.5 1/min.
Gelation test
A weighted amount of gelator and a measured volume of selected pure organic solvent were placed into a sealed glass bottle and the solution was heated in a water bath until the solid was dissolved. Then, the solution was cooled to room temperature in air and the test bottle was inversed to see if a gel was formed. When the gelator formed a gel by immobilizing the solvent at this stage, it was denoted as ''G''. For the systems in which only solution remained until the end of the tests, they were referred to as solution (S). The system in which the potential gelator could not be dissolved even at the boiling point of the solvent was designated as an insoluble system (I). Critical gelation concentration (CGC) refers to the minimum concentration of the gelator for gel formation.
Results and discussion
Molecular design and gelation behaviors
Both gelators consist of two parts, cholesteryl unit and aromatic azobenzene unit. It is known that cholesteryl groups can easily self-assemble through weak van der Waals interaction. However, H-bonding takes important responsibility for most reported gelators. It is still unclear about the role of the substituent group when gel forms in a system without H-bonding. The introduction of azobenzene unit as aromatic unit can bring photosensitivity and thus make the gel controllable in some sense.
The gelation abilities of two compounds were tested in 20 solvents at room temperature and the results are summarized in Table 1 . Examination of the table reveals that both compounds are inefficient gelators. Specifically, Ch-azo can only gelate DMF, while Ch-me-azo cannot gelate any solvent tested herein. The data shown in Table 1 indicate that change of substituent groups in azobenzene residue has a profound effect on the gelation abilities of the compounds studied.
To obtain a visual insight into the morphologies of the molecular aggregation mode, the microstructures of the gel networks were studied by SEM and AFM techniques. As shown in Fig. 2 , the microstructures of the xerogel of Ch-azo in DMF forms regular belts of 1-3 mm in width and tens of micrometers in length. From the section analysis of AFM image, the height of belt is about 50-80 nm. It is obvious that these belts form three-dimensional networks so that the macroscopical flow of the solution stops to induce the formation of a solid-like gel. The morphologies of the aggregates shown in the SEM and AFM images may be rationalized by considering a commonly accepted idea that highly directional intermolecular interactions, such as hydrogen bonding or p-p interactions, favor formation of belt structures.
It is well-known that hydrogen bonding plays an important role in the formation of organogels [27, 28] . In order to further clarify this, we have measured the FT-IR spectra of Ch-azo both in chloroform solution and xerogel form, as shown in Fig. 3 . It was shown from the spectrum of Ch-azo in chloroform solution that four main peaks were observed at 3431, 
1729, and 1672 cm
À1 . These bands can be assigned to the N-H stretching, C¼ O stretching of ester, and the amide I band, respectively [29, 30] . As far as the xerogel from DMF was concerned, these bands shifted to 3345, 1732, and 1699 cm À1 , respectively. The shift of these bands indicates H-bond formation in the gel state. Because both the C ¼O stretching signal of the ester and the amide groups were shifted, we can conclude that there exists at least two types of H-bonds in the gel. One is formed between two amide groups, and the other is formed between amide and ester groups. The present results indicated the importance of the molecular structure and substitutent groups for the intermolecular hydrogen bonds, which may affect the balance of dissolution and precipitation and thereby results in different gelation behaviors.
Photoisomerization investigation in solution and gel
To investigate the photoresponsiveness of present compound, the dilute DMF solution and gel of Ch-azo were irradiated with a high-pressure mercury lamp through appropriate filters, and the change of the configuration of the azobenzene units was followed by UV-vis spectroscopy. Fig. 4a shows the UV-vis absorption spectra of the dilute DMF solution upon irradiation with UV light at 365 nm in different time. The p-p Ã transition band of trans isomers with l max at 356 nm decreases remarkably and, at the same time, the n-p Ã transition band of cis isomers at around 440 nm increases slightly. After irradiation for 10 min, the UV-vis spectra do not change any more, indicating azobenzene groups reach to a cis saturated state (ca. 86%). Visible light (435 nm) irradiation on the cis saturated solution recovered the original spectrum by the reverse cis-trans isomerization in 11 min (Fig. 4b) . The two same isosbestic point at 356 and 440 nm in Fig. 4a and b suggests that only two absorbing species, namely trans and cis isomers of the azobenzene groups exist in the reversible transition. The p-p Ã absorption spectra of the DMF solution of Ch-azo are nearly the same in the near UV range, indicating that there is no strong aggregation between azobenzene groups. In addition, the corresponding first-order rate constants of p-p Ã transition (k) are determined by fitting the experimental data to the report [31] :
where A t , A 0 , and A N are absorbance at 356 nm at time t, time zero, and infinite time, respectively. After careful comparison of the plots of the DMF solution of Ch-azo upon irradiation with UV light, it is found that the plots of the solution can be well-fitted as a linear relationship and the corresponding firstorder rate constant k is determined to be 0.64170.004 min À1 . However, the plots of the solution upon irradiation with visible light can be divided into two parts. In the first 3 min, the first-order rate constant (k 1 ¼ 0.34970.004 min À1 ) is much slower than the above value, suggesting that there are much stronger intermolecular interactions in the cis isomers. In the second stage, from 3 to 11 min, the first-order rate constant (k 2 ¼0.71870.004 min
À1
) is close to the rate constant of the above value.
In addition, the DMF gel of Ch-azo was investigated upon irradiation with UV and visible irradiation in different time. As shown in Fig. 5a , the hot DMF solution of Ch-azo (1.5% w/v, 0.1 cm path length) was yellow and transparent. The formed gel in room temperature was changed to opaque state. Then, upon UV irradiation, the gel was destroyed and some little aggregates appeared. At the same time, the bulk solution with the macroscopic gel to sol transition became transparently. Moreover, after subsequent visible irradiation, the solution has a tendency to recover to form the gel, while the little aggregates partly dissolved into the solvent. The UVvis spectral changes of the DMF gel of Ch-Azo upon UV and subsequent visible irradiation were shown in Fig. 6 . Due to the formed opaque gel, the spectra cannot show any obvious band in UV region. Upon UV irradiation, the intensity of spectra decreased remarkably, and p-p Ã transition band of trans isomers at around 356 nm disappeared. It indicated the breakage of gel and the trans-cis photoisomerization. Moreover, after subsequent visible irradiation, the intensity of spectra increased remarkably and recovered the initial state, which suggeated the reconstruction of opaque gel. The present results were in well accordance with the conditions in photographs.
To reveal the detailed changes in molecular packing modes of the system, XRD analyses are conducted and the results are shown in Fig. 7 . The XRD pattern of the xerogel of Ch-azo (Fig. 7a) [32] . The molecular length for the extended form is estimated to be 1.70 nm, which is in accordance with the long period of the lamellar structure in the gel phase of Ch-azo. However, upon UV irradiation, the main reflection peaks disappears, indicating the breakage of organized lamellar structure in the gel. After visible light irradiation to the sol state, the original XRD pattern is partly recovered, suggesting the reconstruction of the lamellar organization. Fig. 8 illustrates the photoinduced gel-sol transitions of the system. One-dimensional nanostructures of the gelator are driven by the van der Waals interactions between the cholesterol units and thus self-assemble into thin fibers, which are further aggregated into thick belts of 50-80 nm. Upon UV irradiation, trans-cis photoisomerization of azobenzene groups occurs first, leading to increasing in affinity between Ch-azo and the solvent, thus triggers the breaking of van der Waals interactions between the cholesterol units. In contrast, upon visible light irradiation, the molecules dissolve into the solvent after the cis-trans photoisomerization, and subsequently self-assemble into organized structures through reforming of the van der Waals interactions. This is similar to a photoresponsive H-bonding azobenzene-containing organogel reported recently by Matsuzawa and Tamaoki [33] .
Conclusions
In summary, two cholesterol imide derivatives with azobenzene substituent groups have been synthesized. The difference in the headgroups of azobenzene segment can produce a dramatic change in the gelation behavior. Ch-azo can only gelate DMF, while Ch-me-azo cannot gelate any solvent tested herein. For DMF solution and gel of Ch-azo, the reversible photoisomerization transitions by irradiation with UV and visible light are investigated. Upon UV irradiation of the gel, trans-cis photoisomerization of the azobenzene groups occurs, the change in molecular polarity and solvent affinity leads to the breaking of van der Waals interactions, resulting in the gel-sol transition. The gel can be recovered by the reverse cis-trans photoisomerization after the exposure to visible light. SEM, AFM and XRD studies reveal that the gelator molecules self-assemble into one-dimensional belts with diameters 50-80 nm, which further assemble to form regular nanobelts. These results afford useful information for the development of new versatile low molecular mass organogelators and soft matter. 
